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PARAMESTERS OF A HYDROGEN PLASMA I N  
A SUPERSONIC SPHERICAL SOURCE 

$ . M e  G o V d f a r b t ,  L y e .  Kostygova'i  
._ - -  . _ r  _ _  

ABSTRACT: f h e  r e s u l t s  of a numerical i n t e g r a -  
t i o n  of a system of equat ions f o r  a s ta t ionarg  
8ource of nonequi l ibrium hydrogen plasma are 
g iven .  Co l l i s ion - rad ia t ion  recombination is ,. 
considered t o  be the'governing elementary pro- 
cess.  T o  c l a r i f y  t he  e f f e c t  of resorp t ion ,  a 
ca lcu la , t ion  was performed f o r  t he  cases  o f  op- 
t i c a l l y  t h i n  and-pp t ioaZ ly  t h i c k  plasma f o r  
a l l  forms o f  r a d i a t i o n ,  and t h e  opt ica lZy  t h i o k  
plasma only  f o r  resonance - rad ia t ion .  I n  t h e  
f l o w  region ,  cons%derabte dis turbance of t h e r -  
mal and i o n i z a t i o n  equi l ibr ium was observed. 
Resorpti'on of r a p i a t i o n  Zeads t o  a con8iderabZe 
d e v i a t i o n  o f  t h e  e l e o t r o n  %emperature from t h e  
temperatur<s o f  t he  he-auy p a r t i c l e s  and a de- 
oreaee in t h e  reoomb.hat ion r a t e r  I n  a o u a e i -  
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s t a t i o n a r y  approxima'tion, t h e  populat ion;  of' 
t h e  hydrog'en l e v e l s  were determined on t h e  basCs 
of t h e  va lues  obtained for $he concentra t ion  and 
temperature of f ,' ' t h e  e t e c t r p n s .  

d 

I 
# 

D u r i n g  r a p i d  e x p a n s i o n  o f  a p l a s m a ,  s u c h  as o c c u r s  ( f o r  exam- /6,3.( 
p l e )  when t h e r e  i s  s u p e r s o n i c  f l q w  i n t o  a vacuum., t h e  r e s u l t  is a 
h i g h l y  n o n e q u i l i b r i u m  s t a t e  o f  t h e  g a s .  C h a r a c t e r i s t i c  f e a t u r e s  of 
t h i s  s t a t e , i n c l u d e  a d i f f e r e n c e  be tween  t h e  t e m p e r a t u r e s  of  t h e  e- 
l e c t r o n s  and  t h e  h e a v y  p a r t i c l e s  (TB > TI, i n c r e a s e d  e l e c t r o n  eon- 
c e n t r a t i o n  N e , r e l a t i v e  t o  e q u i l i b r i u m  and a n  e x c e s s  c o n c e n t r a t i o n  
o f  a toms i n  t h e  h i g h e r  e x c i t e d  s t a t e s ,  Under c e r t a i n  c o n d i t i o n s . ,  
t h e r e  may be  i n v e r s e  p o p u l a t i o n  o f  t h e  e x c i t e d  s t a t e s ,  which  c a n  b e  
o f  d e f i n i t e  p r a c t i c a l  i n t e r e s t .  

/ 

The abo,ve phenomena h a v e  b e e n  s t u d i e d  t h e o r e t i c a l l y  and  e x p e r -  
i m e n t a l l y  i n * [ 1 - 6 ] .  The p r e s e n t  p a p e r  c o n t a i n s  a c a l c u l a t i o n  of  
t h e  p l a sma  p a r a m e t e r s ,  i n c l u d i n g  a c a l c u l a t i o n  of t h e  p o p u l a t i o n  
l e v e l s ,  f o r  f l o w  i n  a s p h e r i c a l  s o u r c e o  We s e l e c t e d  h y d r o g e n  ag, 
t h e  w o r k i n g  s u b s t a n c e ,  b e c a u s e  t h e  v a l u e s  of the p a r a m e t e r s  e n t e r -  
i n g  i n t o  t h e  c a l c u l a t i o n  are r e l a t i v e l y  wel l -known.  

I 
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B a s i c :  A s s u m p t i o n s  

c a l  s u r f a c e  c o n s i s t s  o f  e l e c t r o n s ,  i o n s  and  atoms,  A t  t h e  i n i t i a l  
p a r a m e t e r s  c h o s e n  ( s e e  be low)  t h e  i n i t i a l  d e g r e e  of  d i s s o c i a t i o n  i s  
h i g h ,  a l t h o u g h  t h e  f o r m a t i o n  of m o l e c u l e s  i n  t h e  f l o w  c a n  b e  d i s r e -  
g a r d e d  inasmuch as t h e  r e c o m b i n a t i o n  r a t e  i s  low r e l a t i v e , t o ' t h e  
e x p a n s i o n  r k t e  The e q u i l i b r i u m  c o n c e n t r a t i o n  o f  n e g a t i v ' e  hydrogen  
i o n s  u n d e r  t h e  c o n d i t i o n s  o f  i n t e r e s t  t o  u s  h e r e  d o e s  n o t  e x c e e d  

We w i l l  assume t h a t  t h e  hydrogen  p l a sma  on t h e  o r i g i n a l  s p h e r i -  

L 
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We w i l l  c o n s i d e r  f l o w  f o l l o w i n g  t h e  d i s t u r b a n c e  of  i o n i z a t i o n  
e q u i l i b r i u m ,  a s suming  t h a t  t h e  y e l o c i t y  o f  a l l  components  i s  e q u a l  
and  t h a t  t h e  plasma is q u a s i n e u t r a l ,  - 

We w i l l  f u r t h e r m o r e  c o d s i d e r  t h a t  t h e  c r i t i c a l  e l e m e n t a r y  p r o -  - 1 .  cess i s  c o l l i s i o n - r a d i a t i o n  tbecombina t ion ,  which i s  a consequence  
(1) of  t h e  r e c o m b i n a t i o n  o f  ' e l e c t r o n s  i n t o  u p p e r  e x c i t e d  l e v e l s  i n  
t r i p l e  c o l l i s i o n s  and ( 2 )  ofi c a s c a d e  t r a n s i t i o n  t o  t h e  ground l e v e l  
( s ee  f o r  example  [SI). For d e t e r m i n i n g  t h e  k i n e t i c s  o f  t h e - p o p u l a -  
t i o n s  o f  hydrogen  l e v e l s  d u b i n g  m o t i o n  o f  t h e  p l a s m a ,  it i s . n e c e s -  
s a r y  t o  s o l v e  j o i n t l y  a s y s t e m  o f  d i f f e r e n t i a l  e q u a t i o n s  f o r - p b p u l a -  

/611 t i o n  b a l a n c e  and  e q u a t i o n s ' o f  hydrodynamics .  - 
c 

I 
However, when t h e  c o n c e n t r a t i o n  o f  e x c i t e d  a toms Nk(k # 1) sa- 

t i s f i e s  t h e  c o n d i t i o q s  + 

(1) AIRah # , 8' n r , , N , ,  (k+ . - --J 4 

I 

i t  i s  p o s s i b l e  t o  have  a * ' q u a s i s t a t i o n a r y  s o l u t i o n  t o  t h e  s y s t e m  o f  
e q u a t i o n s  f o r  p o p u l a t i o n  b a l a n c e .  I t  r e s u l t s  t h a t  t h e  f e l a x a t i o n  
t i m e  of t h e  k # 1 l e v e l  i s  s i g n i f i c a n t l y  l e s s  t h a t  t h e  r e l a x a t i o n  
t i m e  of t h e  g round  l e v e l  o r  o f  t h e  f r e e  e l e c t r o n s .  T4e p o p u l a t i o n  
of t h e  k f 'l  l e v e l  t h e n  c h a n g e s  e x t r e m e l y  s l o w l y  i n  compar i son  t o  
t h e  r a t e  o f  f o r m a t i o n  and  d e s t r u c t i o n  of t h e  s y s t e m s  a t  t h e  l e v e l  
i n  q u e s t i o n ,  ,The d i f f e r e n t i a l  e q u a t i o n s  for p o p u l a t i o n  b a l a n c e  a re  
r e p l a c e d  by  a s y s t e m  o f  a l g e b r a i c  e q u a t i o n s  which make it p o s s i b l e  
t o  d e t e r m i n e  Nk(k f 1) from Ne and  Te, which  are  known from t h e  hy- 
drodynamic  c a l c u l a t i o n .  Then, i n  a d d i t i o n  t o  c o n d i t i o n  (11, the 
f o l l o w i n g  c o n d i t i o n  must  , be  s a t i s f i e d :  

where r k  i s  t h e  r e l a x a t i o n t i m e  of t h e  k # 1 l e v e l  a n d  T 

c h a r a c t e r i s t i c  hydrodynamic  t ime. 
i s  t h e  

g 

The area of p a r a h e l e r  c h a n g e s  c o v e r e d  be low s a t i s f i e s  c o n d i -  
t i o n s  (1) and ( 2 ) .  A t  c o n s i d e r a b l e  d i s t a n c e s  f rom t h e  pole 6f t h e  

1 
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8 o u r c e ,  w i t h  [Pes 
s i s t a t i o n a r y  approx ima tSon  makes it p o s s i b l e  t o  o b t a i n  o n l y  semi- 

System o f  E q u a t i o n s  

500°K, t h e i r  d e s t r u c t i o n  t a k e s  p l a c e s  and t h e  qua-  
4 

q u a n t i t a t i v e  r e s u l t s , '  * i. '$ 

6 '  

; t 

m o t  ~~$~~~~~~~~~ rWqMlt i@se,  PwafudSa Wm p q u a Q b o n s  
n o f  mass, momentum and  e n e r g y  as  we l l  as t h e  equa -  

t i o n s  of s t a l e ,  h a s  the form . 

5 ,  * - S A -  
I - -  

4 
I n  t h e  a b o v e ,  g = p r e s s u r e g  N = c o n c e n t r a t i o n ,  u = v e l o c i t y  o f  

d i r e c t e d  mo4tiong m = p a r t i c 1 6  mass,, T = t e m p e r a t u r e ,  P = d i s t a n c e  
from t h e  s o u r c e  p o l e .  The s u b s c r i p t s  8 ,  3 and a r e p r e s e n t  e l e c t r o n s ,  
i o n s  and a t o m s , / r e s p e c t i ' v e l y .  The v a l u e s  o f  t h e  r e c o m b i n a t i o n  co-  
e f f i c i e n t  a ( N e s  T e )  a r e  t a k e n  f rom C83.  

The r a t e  o f  e n e r g y  t r a n s m i s s i o n  from t h e  e l e c t r o n s  t o  t h e  heavy  
p a r t i c l e s  i n  e l a s t i c  c o 1 l i s i o n s  Q a t  a c e r t a i n  d e g r e e  of i o n i z a t i o n  
a r e  w h o l l y  d e t e r m i n e d  by t h e  e l e c t r o n - i o n  c o l l i ~ i o n s .  The v a l u e  I& /612 
r e p r e s e n t s  t h a t  p a r t  o f  t h e  r e c o m b i n a t i o n  e n e r g y  w h i c h  r e t u r n s  t p  
e l e c t r o n  gas ' ,upon d e a c t i v a t i o n  of t h e  e x c i t e d  s t a t e s  by e l e c t r o n  COP- 
l i s i o n s  of t h e  s e c o n d  order. A p o r t i o n  f - I& of  t h e  r e c o m b i n a t i o n  
e n e r g y  i s  r a d i a t e d  i n  speatral l i n e s ,  A c e r t a i n  part of t h i s  energy 
can  a l s o  b e  c o n v e r t e d  i n t o  t h e r m a l  e n e r g y  of e l e c t r o n s  i f  a p a r t ' o f  
t h e  r a d i a t i o n  i s  r e s o r b e d  i n  t h e  p l a sma .  R e s o r p t i o n  of t h e  r e s o n a n c e  
r a d i a t i o n  p l a y s  a c r i t i c a l  r o l e  i n  t h e  e n e r g y  r e l a t i o n s h i p .  

I n  o r d e r  t o  s h o w f t h e  e f f e c t  of r e s o r p t S o n  on th 'e  p l a sma  p a r a -  
meters,  l e t  u s  examine  t h r e e  cases: 

, 

. 3 
\ 



(1) A p lasma which i s  o p t i c a l l y  t h i n  for a l l  forms  of r a d i a -  
t i o n  C91: i 

I 

' F  
( 2 )  A p lasma  which  +s o p t i c a l l y  t h i n  f o r  a l l  f o r m s  of r a d i a -  

t i o n  excep t  t h e  La l i n e :  
v $, 

" . ^  
( 1 s t  tr 40$5 sV) "' I . ''i 

( 3 )  
t i o n :  

A plasma which  i s  o p t i c a k l y  t h i c k  for a l l  f o r m s  o f  radfa- 
P 

Plasma Parameters 
, 

J. 

I 
W i t . ,  t h e  a i d  b f  some s i m p l e  t r a n s f o r m a t i o n s ,  t h e  s y s t e m  of  e- 

q u a t i o n s  i n  (3-11) was c o n $ e r t e d  t o  a s y s t e m  o f  f i v e  d i m e n s i o n l e s s  
f i r s t - o r d e r  d i f f e r e n t i a l  e q u a t i o n s ,  s u i t a b l e  f o r  machine  ca l cu la -  
t i o n .  Numer ica l  i n t b g r a t i o n  was p e r f o r m e d  on t h e  VraP-1" compute r  
u s i n g  t h e  Runge-Kutte  v a r i a b l e k p i t c h  method.  The f o l l o w i n g  raw da- 

T , ~  = 5.103 OK, T~ = 4 . 5 4 0 3  OK, u 0  = 1 0 6  cm/sec'. 

t a  were  s e l e c t e d :  F r =  tl cm, N e O  - - Nio = 10l5 c m - 3 , ' 8 a 0  = 10l7 cme3* , 
0 

f # 4 

The i n i t i a l  v a l u e d  ,bTf T e  and TI were c h o s e n  f rom t$e b a l a n c e  
c o n d i t i o n s  

F i g u r e  P shows t h e  r e s u l t s  o f  c a l c u l a t i n g  T T ,  N,, N and 09 
e ,  a, 

f o r  f l o w  r e g i o n s  1 < P 4 1 0  cm. T h e  v a l u e s  of  t h e  p a r a m e t e r s  for 
t h e  o p t i c a l l y  t h i c k p l a s m a  (Case  3 )  are  p r a c t i c a l l y  t h e  same as 
t h o s e  f o r  a p l a sma  which  i s  o p t i c a l l y  t h i c k  o n l y  i n  t h e  La l i n e  
(Case  2 ) .  A compar i son  o f  t h e  f i n d i n g s  i n  Cases 1, 2 a n d  3 shows 
t h a t  r e s o r p t i o n  of r a d i a t i o n  l e a d s  t o  a n  i n c r e a s e  i n  T,¶ n, and  t h e  
d e g r e e  o f  i o n i z a t i o n ,  a s ' w e l l  as a d e c r e a s e  i n  t h e  r e c o m b i n a t i o n  
c o e f f i c i e n t . ' .  The l a t t e r  i s  e x p l a i n e d  by  t h e  s t r o n g  t e m p e r a t u r e -  
dependence  a - The r e c o m b i n a t i o n  c o e f f i c i e n t  c h a n g e s  s l i g h t -  
l y  a t  l a r g e ' r .  The s h a r p  i n c r e a s e  i n  u i n  t h e  v i c i n i t y  o f  t h e  
i n i t i a l  s u r f a c e  is  r e l a t e d  t o  t h e  assumed v a l u e  o f  t h e  e l e c t r o n  tem- 
p e r a t u r e  p,. which ( g e n e r a l l y  s p e a k i n g )  i s  d e t e r m i n e d  s y  t h e  p r e -  
v i o u s  h i s t o r y  of t h e  f low.  With a real e x p a n s f o n  of the p l a s m a ,  w e  
must  e x p e c t  smaller g l a d i e n t s  u a t  r - -1 c m ,  

4 t 
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C o n c e n t r a t i o n  o f  E x c i t e d  
Atoms 

The c o n c e n t r a t i o n s  o f  hydro -  ' 
gen a toms a t  v a r i o u s  e x c i t e d  s t a t e s *  
a re  c a l c u l a t e d  as f u n c t i o n s  ,of Te 
and Ne i n  [ S ,  lo, 113. # F i g u r e s  2 

and  3 show t h e  p o p u l a t i o n s  of N k  
f o r  a s e r i e s  o f  low e x c i t e d  s t a t e s , '  
r e l a t i v e  t o  t h e  s t a t i s t i c a l  w e i g h t s  
gk c a l c u l a t e d  w i t h  t h e  d a t a  i n  [ 8 3  

and t h e  v a l u e s  w e  o b t a ' i n e d  f o r  T 
and  Ne f o r  v a r i o u s  r e  e 

F i g .  1. Recombina t ion  Co,{lf- The h i g h e r  e x c i t e d  s t a t e s  
f i c i e n t ,  T e m p e r a t u r e ,  and P,ar- ( k  > 5 - 6 )  a re  i n  e q u i l i b r i u m  w i t h  

t i c l e  C o n c e n t r a t i o n  i n  a one-another  and  w i t h  t h e  e l e c t r o n  
S u p e r s o n i c  S o u r c e :  ' con t inuum.  I n  t h e  case o f  an"op- 

(1) P l a s m a  O p t i c a l l y  T h i n  f p r  A l l ' t i c a l l y  t h i n  p l a s m a ,  a l m o s t  t h e  /613 
Forms of  R a d i a t i o n ;  e n t i r e  f l o w  f i e l d  i s  c h a r a c t e r i z e d  

(2) P l a s m a  O p t i c a l l y  Th in  f o r  All b y n i n v e r s e  p o p u l a t i o n  o f  t h e  u p p e r  

( 3 )  Plasma O p t i c a l l y  Th ick  f o r  *A11 r e l a t i v e  ' t o  t h e  t h i r d  i e v e l  as  

- 
Forms of R a d i a t i o n  E x c e p t  t h e .  l e v e l s  r e l a t i v e  t o  t h e  s e c o n d  l e v e l  

La L i n e ;  I ( and  b e g i n n i n g  w i t h  r - 3-4 cm, 

Forms o f  Radia.bio'n, w e l l ) .  For a p la sma  which  i s  op- 
t i c a l l y  t h i c k  i n  t h e  Ea P i n e ,  t h e  

( s ee  be- 
Hence,  t h e r e  is  , n b ' q u e s t i o n  of i n v e r s i o n  w i t h  r e , s p e c t  t o  t h e  

R e s o r p t i o n  of' E a  i s  p r a c t i c a l l y  n o n e x i s t e n t  i n  t h e  popm- 
and N 4 ,  i f  T8 d o e s  n o t ' e x c e e d  2000 and  4000°K, r e s p e c t i v e -  

p o p u l a t i o n  of t h e  secon?  l e v e l  i n c r d s e s  t o  10P2-10P3 
l o w ) .  
s e c o n d  l e v e l  i n  a weakly- . ion ized  p l a sma  w i t h  s i g n i f i c a n t  o p t i c a l  
t h i c k n e s s .  
l a t i o n s  N 

3 
l y .  Beginndng w i t h  r N 3 cm, t h e r e  is i n v e r s i o n  f o r  v a p o r  o f  t h e  
l e v e l s  4-3, and,beginnxng w i t h  r - - 7  c m ,  for v a p o r  o f  l e v e l s  5-3 .  

B 

C o e f f i c i e n t  o f  A m p l i f i c a t i o n  o f  O i a d i a t h  
and t h e  E f f e c t  o f  R e s o r p t i o n  

The c o e f f i c i e n t  o f ' a m p l f f f c a t i o n  o f  rmdiatiortl w i t h  inverse po- 
p u l a t i o n  l e v e l s  is a a l c u l a t e d  by t h e  f o r m u l a  ~ 

I 
I __ - . . __ 

For  t h e  Dopp le r  c u r v e ,  8 ( x )  = dnln2h2/oAho 
$ 

, 
For t h e  S t a r k  c u r v e s  8(X) = X a / n O A X ,  where  8 ( 1 )  i s  t h e  c o e f f i -  

c i e n t  o f  t h e  s h a p e  o f  t h e  s p e c t r a l  l i n e  and  A k Z  is t h e  p r o b a b i l i t y  

5 

of a s p o n t a n e o u s t i r a n s i t i o n ,  \ 
P 

\ 



-F ig .  2 .  P o p u l a t i o n  o f  L e v e l s  i h  
a S o u r c e  Which Is O p t i c a l l y  Th in  

for All Forms o f  R a d i a t i b n . *  . 
I * a  

I 

. -  

F i g .  4 .  Change i n  C o e d f l l c i e n t  o f  
A m p l i f i c a t i o n  a l o n g  t h e  R a d i u s  of  

t h e  Source. 

F i g .  3. P o p u l a t i o n  o f  L e v e l s  i n  
a S o u r c e  Which Is O p t i c a l l y  Th in  

f o r  All Forms o f  R a d i a t i o n  
E x c e p t  t h e  La L i n e .  

F o r  t h e  s o u r c e  i n  q u e s t i o n ,  
, t h e  h a l f w i d t h  o f  t h e  l i n e s  A X  i s  
w i t h i n  t h e  l i m i t s  f rom 0.2 t o  2.5 
8 ,  w h i l e  t h e  c u r v e  o f  t h e  Ea l i n e  
i s  d e t e r m i n e d  p r a c t i c a l l y  comple t e -  
l y  by t h e  Dopp le r  e f f e c t ;  f o r  t r a n -  
s i t i o n s  f rom t h e  f o u r t h  and  f i f t h  
l e v e l s  a t  r 5 2-3 c m ,  S t a r k  expan-  
s i o n  p r e d o m i n a t e s .  

. ' 
c h t i o n  for an o p t i c a h l y  t h i n  p l a s -  
ma and  a p la sma  which r e s o r b s  o n l y  
t h e  Ea l i n e  a re  shownpin F i g u r e  4.  

The c o e f f i c i e n t s  uf a m p l i f f -  

For  t r a n s i t i o n s  4-3 ( A  = 1.88 p )  and  3-4 ( A  = 0 . 6 5  p )  i n  t h e  case o f  
an  o p t i c a l l y  t h i n  p l a s m a ,  t h e  c o e f f i c i e n t  o f  a m p l i f i c a t i o n  i s  r a t h e r  
h i g h .  
f i c a t i o n  r e a c h e s  a l e v e l  of 3 % ,  s u f f i c i e n t  for compensa t ion  of f i n a l  
l o s s e s  i n  t h e  r e s o n a t o r .  C o n s i d e r a b l e  a m p l i f i c a t i o n  is a l s o  a c h i e v e d  
f o r  t h e  t r a n s i t i o n  4-2 ( a  1, w h i l e  i n  a p l a s m a  which i s  o p t i c a l l y  
t h i c k  for La it i s  a l s o  o b t a i n e d  f o r  t h e  t r a n s i t i o n  4-3. 

l e v e l  h a s  l i t . f l e  e f f e c t  on t h e  v a l u e s  o f  1, and Te9 b u t  c a n  r e d u c e  
i n v e r s i o n  m a r k e d l y .  

Even i n  %he case p f  a r a d i a n t  l a y e r  1-3 cm t h i c k ,  t h e  a m p l i -  
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R e s o r p t i o n  of r a d i a t i o n  p r o d u c e d  by  t r a n s i t i o n s  a t  t h e  s e c o n d / ,  /614 - 
i 

I_ _-_- - - -  -- --  --I_I._ - --- - 

L e t  Us est imate  t h e  o p t i c a l  t h i c k n e s s  of t h e  source p lasma  in 
t h e  La and  Ha l i n e s .  
c u r v e  i n  a l a y e r  o f  t h i c k n e s s  x o c c u r s  u n d e r  t h e  c o n d i t i o n  t h a t  

S i g n i f i c a n t  r e s o r p t i o n  o f  l i n e s  w i t h  a D o p p l e r  

6 
\ 

P 



Assuming t h a t  t h e  r a d i a t i o n  l e a v e s  t h e  s o u r c e  i n  a r a d i a l  d i r e c t i o n ,  
€or a p o i n t  w i t h  t h e  c o o r d i r i a t e  r w e  will assume t h e  c o n d i t i o n s  

k ( ~ , )  .& i ~ - ~ i ( r ) r  > 1, ~ ( I L )  = i ~ f ~ S ( r 9  .> LJ, 
- 

Numer ica l  a n a l y s i s  w i l l  show t h a t  o v e r  t h e  e n t i r e  f l o w  f i e l d  k ( L a ) > >  
1, t h e  r e s q n a n c e  r a d 5 a t i o n  i s  c o m p l e t e l y  r e t a i n e d  and  t h d , o p t i c a l l y  
t h i n  p l a sma  is n o t  r e a l i z e d .  The p o p u l a t i o n  r a t e  of t h e  s e c o n d  l e v -  
e l  can  b e  e s t i m a t e d  by t h e  f o r m u l a  

. .  -- . - -  I 

dN; I dt =t d e '  .- RNfis i )  
- _ .  - 

( t h e  v a l u e s  of t h e  c o e f f i c i e n t  P are g i v e n  i n  c 8 3 ) .  
t a n c e  on t h e  o r d e r  o f  0 . 1  cm f rom t h e  o r i g i n a l  s u r f a c e ,  N 2  r e a c h e s  
lo1, cm', and  d e c r e a s e s  f u r t h e r  q u i t e  s l o w l y .  
t h e  B 
t h e  p o p u l a t i o n  N, c a n  inc rease  n o t i c e a b l y ,  

a toms ,  i n v e r s i o n  and  t h e  c o b f f i c i e n t s  o f  a m p l i f i c a t i o n  r e q u i r e s  so- 
l u t i o n  o f  t h e  p rob lem o f  r a d i a t i o n  t r a n s f e r  i n  t h e  s o u r c b .  

Even at a d i s -  

Hence k ( H c a )  > 1, 
T 

l i n e  is r e k o r b e d  i n  .q, c o n s i d e r a b l e  p a r t  o f  t h e  s o u r c e , '  and  a 

I 

A more p r e c i s e  d e t e r m i n a t i o n  \of  t h e  c o n c e n t r a t i o n s  o f  e x c i t e d  
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